This paper discusses the adaptive control allocation based fault tolerant flight control problem for an overactuated aircraft in the presence of unknown uncertainties and actuator faults. Inspired by the feedback of control moments, an innovative adaptive closed-loop control allocation scheme with an estimator for the uncertainties is designed to tackle the distinct non-monotonic and the coupled nonlinearity caused by actuator failures or faults. Furthermore, since actuator faults will cause difficulty in modeling the aircraft dynamics precisely, an adaptive super twisting sliding mode controller is developed to track the reference trajectory. The convergence of the adaptive closed-loop control allocation and the stability of the fault tolerant flight control system is analyzed. Simulation results indicate the effectiveness and performance of the developed controller.
I. INTRODUCTION
Over the last three decades, the problem of fault tolerant control (FTC) has been intensively studied with the growing demand for safety, reliability and maintainability in modern industrial systems [1] , [2] . Various FTC methods have been presented in a wide range of applications such as aircraft, marine vehicles, hypersonic vehicles, and so on [3] - [5] . In particular, the specific operating environment of the flight vehicle is adverse which increases the risk of malfunctions in sensors, actuators, and controllers . What's more, once those components were broken, it is scarcely possible that its hardware can be repaired instantly. Hence, any component or system fault/failure cannot be fixed with replacement parts. Not only these issues may potentially lead to property loss, but also threats of system safety, which has motivated significant research of FTC in aircraft control systems to accommodate or manage failures [6] .
Survey papers by [7] and [8] provided excellent overviews of FTC. Generally speaking, FTC techniques can be classified into two types, namely passive and active approaches. In the passive approach, the controller is designed to maintain The associate editor coordinating the review of this manuscript and approving it for publication was Yonghao Gui . stability and tolerate only a limited number of previouslyknown faults. In this case, it can be implemented easily as a fixed controller but has very limited fault tolerance. Active FTC, on the other hand, could be designed for the cases using the available data from both physical and analytic system redundancy to accommodate unanticipated faults. To reconfigure the control law online, the most up-to-date information on the system faults must be provided to refresh the active FTC algorithm. The fault information can be obtained from dedicated fault detection and identification (FDI) system (see, for instance [9] , [10] ). Therefore, there is no doubt that, to achieve a successful control system reconfiguration in active FTC approaches, a real-time FDI scheme is a significant part [11] - [13] . For the sake of real-time and computational cost, these issues pose challenges to the application of active FTC. One of the effective schemes for handling the actuator fault is disturbance observer-based FTC. In [14] , parametric uncertainties, external disturbances, and actuator constraints have been considered for the flexible air-breathing hypersonic vehicle by using a disturbance observer-based fault-tolerant output tracking control. Besides, the nonlinearities of control surface have been got the researcher's attention, in [15] the backlash hysteresis in control surface and the partial loss of effectiveness of actuators and were VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ taken into account. Tracking control with the quantization mechanism was studied in [16] by using an interval type-2 fuzzy neural network. In over-actuated systems, one existing technique to increase fault tolerance is using a control allocator (CA) that distributes controller command among the redundant healthy actuators [17] . The benefit of CA is that the controller can handle actuator failures in fault situations without reconfiguring the basic control law. There are several methods for solving the allocation problem, e.g. the direct control allocation method, the interior point method, the active set method, the adaptive estimation method etc., which can be found in [18] - [21] . In [22] - [24] , a sequential quadratic programming technique is used to cope with the control allocation problem. Reference [25] proposes an adaptive sliding-modebased control allocation scheme to accommodate actuator faults, which is used to redistribute virtual control signals among the available actuators under faulty conditions. The article [26] , a fault-tolerant control scheme with a fixed control allocation strategy is proposed for linear time varying systems, by which the effects of actuator faults in the critical control channels can be compensated and the remaining effects can be minimized. In [27] a real-time control allocation algorithm is devised to deliver control command to position and attitude actuators in proportion to the effectiveness degree of each actuator. In general, most of the CA schemes are designed based on the assumption that the control moments mapping functions of actuators are linear. However, the linear assumption can be hard to satisfy in practice, especially in the case of actuator failures or faults. For the aircraft with multiple control surfaces, the newly imported control surfaces would increase the reliability of the system, meanwhile would generate nonlinearity and coupling in the actuator system significantly. Another general situation is that the faults resulted from control surfaces will drive the actuator system into the nonlinear operation area. The assumption of a linear relationship between the surfaces and control moments can not be held under those conditions. Since the retrieval fails for the desired virtual moments required by the upper basic control law, neglecting the nonlinearities of mapping function would cause degradation or instability of the flight control system.Some researches on this problem have been carried out via adopting nonlinear optimal programming technique [28] and intelligence evolution algorithm [29] , [30] , nevertheless, adaptive fault tolerant control allocation with considering of non-monotonic nonlinearity of control surfaces remains as a challenge for flight control system design of the overactuated aircraft [31] , [32] .
This paper investigates the problem of adaptive FTC with consideration of the nonlinear moments mapping function of actuators which focuses mainly on the non-monotonic nonlinearity and the coupled nonlinearity. Considering the adverse effects of FDI model on the rapidity and accuracy of fault-tolerance controller, a novel closed-loop control allocation based nonlinear sliding model adaptive fault-tolerant control scheme is proposed for a class of aircraft system with multiple actuators. The main contributions of this paper include:
(i) In order to compensate the non-monotonic and the coupled nonlinearity of control surfaces, a novel closedloop adaptive control allocation method based on the moments feedback is developed to calculate the desired actuators' demands with considerable computational cost. (ii) An adaptive estimator is proposed to estimate the uncertainties of actuators' dynamics caused by faults in the control allocation process, which make the control allocation algorithm more practical by reducing dependence on FDI modules. (iii) Super-twisting sliding mode control combined with the proposed adaptive closed-loop control allocation can improve the fault tolerant performance of the flight control system of over-actuated aircraft subject to the serious faults of multiple actuators. The rest of the paper is organized as follows. Section 2 describes the nonlinear FTC problem formulation and the modeling of an overactuated aircraft. Proposed algorithms are given in Section 3. In Section 4, the application of the proposed FTC scheme is illustrated by the case of an overactuated aircraft subject to actuator faults. This is followed by conclusions in Section 5.
II. PROBLEM FORMULATION AND PRELIMINARIES A. DYNAMICS OF AN OVERACTUATED AIRCRAFT
The nonlinear dynamic model of F-18 aircraft [33] is shown in equation (1) . Here Vel is velocity, g 0 is gravitational constant. α, β, φ and θ represent the angle of attack, sideslip, roll and pitch respectively. p, q and r are the angular rate of roll, pitch and yaw. α 0 is the trim angle of attack. Also, l, m, n, i, y and z are relevant aerodynamic moment coefficients. 
In order to adopt the control allocation technique, a new value v(u) is imported to represent the virtual control signal, then we have
seven control effectors consisting of left and right horizontal stabilizers (δ le , δ re ), left and right ailerons (δ la , δ ra ), leading and trailing edge flaps (δ lef , δ ref ), and rudder δ r . f 1 , g 1 , f 2 and g 2 in (2) are defined as
In addition, the actuator faults are modeled as:
where u is the input command,ū is the stuck position if the actuator is locked, and
where k i ∈ [0, 1] represents the efficiency coefficient of actuator u i , ε is a small positive number and satisfies 0 < ε 1.
B. PRELIMINARIES
In order to design fault-tolerant control laws, we introduce the following lemma. Lemma 1: Considering the following system:
There exists a range of arbitrary positive constants λ and τ such that the sliding variable x(t) and its derivativeẋ(t) converge to the zero in finite time if the super twisting sliding mode control law is designed as (11) .
Proof: First of all, we set
with λ > 0 and τ > 0, then the characteristic polynomial of A is described as p(s) = s 2 + 1 2 λs+ 1 2 τ , and A is Hurwitz matrix. For an arbitrary positive definite symmetric matrix Q, there must be a positive definite symmetric matrix P satisfying the Lyapunov equation
Consider the quadratic function as the Lyapunov equation:
Considering the equation d |x| dt =ẋ sgn(x), the derivative of η can be calculated:
Then, the consequence can be obtained:
The derivative of the Lyapunov function candidate is:
where W is a positive constant. TheV (x) is negative definite which means that the system (10) is asymptotic stable under the designed controller. Since V (x) is quadratic positive definite, we have:
where λ min (P) and λ max (P) are the minimum and maximum eigenvalue of P, || · || represents the Euclidean norm, then η 2 2 = η 2 1 + η 2 2 = |x| + ρ 2 . Furthermore, we can obtain:
andV Consider
Then, we haveV
where γ (Q) = λ min (Q)λ − 1 2 max (P). Based on the well-known Lyapunov stability theorem for finite-time convergence [34] , [35] , we conclude that the sliding variable and its derivative can be derived to zero in finite time.
It means that the sliding variable and its derivative can be derived to zero in finite time. The convergence time can be computed from:
where Q = I , P is calculated through:
III. FAULT TOLERANT FLIGHT CONTROL DESIGN
The control objective is to design an adaptive nonlinear fault tolerant control strategy such that system output could asymptotically track the desired trajectory in the presence of actuator faults. To facilitate control laws design, we put forward the following assumptions and preliminaries. Assumption 1: The aircraft system is in cruising flying, with known steady velocity.
Assumption 2: The desired trajectory y d (t) is a known bounded function of time, with known bounded derivatives.
Assumption 3:
The state x(t) of the system is available for measurement.
In this section, a nonlinear fault tolerant flight control based on adaptive closed-loop control allocation and super twisting sliding mode control is designed. The system's stability is analyzed. The structure diagram of proposed control scheme is show in figure 1 .
A. SUPER-TWISTING SLIDING MODE CONTROL DESIGN
Sliding mode control (SMC) is widely used in control system design owing to its good performance, such as robustness, fast response, good transient performance and so on [36] . In this section, super-twisting sliding mode control (STSMC) is designed to acquire the nominal virtual control signal v(u). The control target is to drive the sliding variable and its derivative to zero in finite time. The system is divided into the outer-loop subsystem and the inner-loop subsystem. Define the desired signals y d = α d β d φ d and the tracking error y e = y − y d = x 1 − y d . The dynamic of tracking error system can be described as:
where x 2 is the control signal in the out-loop of the aircraft system. We design the outer-loop STSMC control laws as:
where λ 1 ∈ R 3×1 + and τ 1 ∈ R 3×1 + are the designed positive constant gains vectors. sgn(y e ) is the sign function of y e .
Substituting the control law (23) to (22) , the system's state equation is transformed to
where x 1e = y e = x 1 − y d . According to Lemma 1, the error of the outer-loop subsystem will converge to zero in finite time. Furthermore, let x 2e = x 2 − x 2d = p e q e r e T , the error dynamic of innerloop subsystem is transformed to:
whereẋ 2d can be achieved through a first-order filter by introducing a new variable x 2c [37] , [38] .
where t ω is the time constant. Because v is used as the control signal of the inner loop, the inner-loop SMC control laws v d is designed as:
where λ 2 = λ 21 λ 22 λ 23 T and τ 2 = τ 21 τ 22 τ 23 T are designed parameters.
Consider the Lyapunov function of the inner-loop system as:
Then, M can be obtained as:
Based on the above discussion, we have:
Define
Then, we can havė
where W 0 is a positive constant. According to Lemma 1, the error of the inner-loop subsystem will converge to zero in finite time.
B. DESIGN OF ADAPTIVE CLOSED-LOOP CONTROL ALLOCATION
The categories of nonlinearities encountered in actuator mainly include monotonic nonlinearity, non-monotonic nonlinearity and coupled nonlinearity. Most of the solutions are obtained by using quadratic programming, nonlinear programming and intelligence method, and so on. Against the deficiencies such as large computational cost and poor realtime performance, a new control allocation scheme based on control surface nonlinear feedback is adopted. Firstly, build the mapping function between control surface u and control moment v (u) .
where v(u) = L M N T . L, M and N denote the roll, pitch and yaw control moment respectively. B ∈ R 3×7 represents the linear part of mapping function, (u) implies the nonlinear part which is defined as follows [39] .
with
The diagonal elements represent non-monotonic nonlinearity and the others are coupled nonlinearity in C l , C m and C n . The moment mapping function can be described at k sample time as:
Then
where v d is the desired control moment. Since the part of nonlinearity (k)u(k) is unknown, design the output of control allocation as follow:
Lemma 2: For the nonlinear control allocation system (42) , there exist a solution u(k) calculated by (44) such that the error of the control allocation module would converge to a bounded region around zero.
In order to explain the Lemma 2, we define the discrete dynamic system as: m] , N + is the nonnegative integer set. Set f (k, 0) = 0, ∀k ∈ N + and assume that the origin is the only equilibrium point. x(k, k 0 , x 0 ) is the solution of the system passing initial point (k 0 , x 0 ). Define V (k, x) ∈ C[N + ×R n , R + ]. The differential of V (k, x) along the system is defined as:
Define K function ( ) : R ≥0 → R ≥0 as a strictly monotonically increasing continuous function and (0) = 0. According to [40] , if there exist K function ( ) and the constant σ > 0 independent of k 0 such that the following inequality (48) hold, then the system's equilibrium point x = 0 is uniform stable.
Based on the above discussion, the convergence of the proposed nonlinear control allocation scheme can be provided. When the desired control moment v d = 0, the following equation is obtained.
It will be seen that the equilibrium point of the system is u(k) = 0. Constructing K function as ( u(k) ) = u(k) .
Because u(k) is bounded, there is constants σ > 0 independent of k 0 makes the following condition valid.
Thus the proposed nonlinear control allocation scheme based on moment feedback is uniform stable at the system's equilibrium point u(k) = 0. Substitute (45) to (43), the real control moment is computed as:
Then, the error v e (k) can be obtained:
Since the inner loop subsystem is finite time stable according to (37) , we know that the difference between u(k) and u(k−1) will converge to a small bounded region, then we have lim k→∞ |u(k) − u(k − 1)| ≤ with a small positive constant. Meanwhile, consider
we conclude that the errors of control allocation v e (k) will converge to a bounded region around zero. Furthermore, in order to handle the uncertainties caused by the nonlinear feedback, an adaptive method is introduced to compensation, which makes the control allocation more practical. Consider the linear part of control moment as:
where v non (k − 1)u(k − 1). The real mapping function of linear control moment is described as:
here ∈ R m×m is an unknown diagonal matrix, ii 0, representing the impacts of nonlinear feedback and actuator faults. Under this situation, u is acquired as
The stabilizing control allocation matrix is computed directly instead of the estimation of , we have
whereˆ ∈ R m×3 is the estimation of the desire matrix which meets the condition:
Remark 1: compensates the influences of nonlinear feedback and actuator malfunctions. Without an external FDI module, the information of actuator faults is acquired by the adaptive estimation ofˆ .
Define˜ =ˆ − , consider the condition (53) and (54), the error of control allocation is calculated as:
Then, the time derivative of V 0 (x) can be obtained:
We design the adaptive law:
where γ is a gain constant, Proj R (·) is a row projection operator defined as:
where Proj(·) is the projection operator and c T i , y T i are the ith rows of C and Y , respectively. Recall that for any vector y i it holds.˜ 
In addition, on the basis of (33), the partial derivative of V 0 to x can be calculated as:
The above design procedure can be summarized in the following theorem.
Theorem 1: Consider the adaptive closed-loop control allocation based on (45) and (60), which integrated with the super-twisting sliding mode controller (23) and (27), the proposed nonlinear FTC scheme guarantees the system (1) asymptotic stability in the presence of actuator malfunctions.
Proof: Consider the Lyapunov function:
Based on the above discussion, we can obtain:
Substituting into, we have:
Furthermore, we will obtain:
Therefore, the stability of the closed-loop system with the proposed control is proven.
Remark 2: From Theorem 1 we know that, although there is no external FDI module, the system with actuator faults can remain stable by using the proposed nonlinear adaptive FTC scheme with appropriate selection of the design parameters. Adaptive gain γ is the key parameter to determine the performance of nonlinear FTC system. With the increase of γ , the response of fault-tolerant control system will be faster, but the frequency and control quantity of control signal will also increase, which will lead to an increase of overshoot in the system transition process.
From equations (56), (60) and (64), it can be seen that the compensation signal of adaptive fault-tolerant control u a is related to x 2e and sgn(x 2e ), which is similar to the structure of switching control term of traditional sliding mode control [41] . One of the disadvantages of this adaptive structure is that it is easy to fall into overestimation the parameters, which may lead to the chattering of control signals. In order to eliminate the overestimation, the transient performances and fault tolerance abilities of the system are compromised in the process of setting control parameters, and the adaptive parameter γ is designed in the form of a saturation function.
where γ 0 is a positive constant, µ is the boundary layer. This adaptive scheme can gradually cease the behavior of adaptation as the system reaches the desired trajectory.
IV. NUMERICAL SIMULATION
In this section, the nonlinear dynamic model of F-18 aircraft is used to verify the effectiveness of the proposed nonlinear adaptive FTC approach. The model of v(u) is nonlinearly fitted by aerodynamic data [42] . The position limits of the control surfaces are given in table 1. The task given to the proposed adaptive FTC system is to track angle-of-attack and roll angle reference signals while the side-slip angle is regulated to zero.
For comparison purposes, two types of nonlinear controller designs are carried out. The first design is the basic nonlinear feedback sliding mode control scheme without adaptive closed-loop control allocation (BFSMC). The second is the adaptive nonlinear FTC with closed-loop control allocation (ANFTC) design proposed in this paper.The above two controllers have the same control parameters of λ 1 , τ 1 , λ 2 , τ 2 and t ω . The parameters used in simulations are listed in table 2.
The analysis of simulation is consisting of two cases: normal and faulted. The parameters of actuator faults are given in table 3.
A. NORMAL CASE
In the normal case, the actuator system is operated in normal situation. The fault matrix = I 7×7 . Figure 2 shows the output tracking results in the normal case for both BFSMC and ANFTC. The solid lines represent the simulation results of the ANFTC, the dashed lines represent the BFSMC, and the dot lines represent the desired signals. The results show that both methods have similar responses: the output signals could accomplish the asymptotic tracking for the references. It proves the validity of the upper sliding mode controller and the nonlinear feedback CA scheme. Meanwhile, the ANFTC has a faster rate of convergence in sideslip angle tracking which reflects the operation of adaptive module for the uncertainties. Figure 3 displays that the control surfaces deflection signals of the ANFTC will approach constant values when the system is in stable state, and the chattering phenomenon will be effectively suppressed.
B. FAULT CASE
Two types of actuator faults are studied: floating and stuck.
In the first fault case, the right horizontal stabilizer and left ailerons are assumed to have been floating at 10s. The simulation results of the output tracking adopting BFSMC and ANFTC are shown in Figures 4 and 5. Apparently, under the actuators floating fault, ANFTC could maintain stable tracking and overcome the malfunction, however, the BFSMC scheme can not continue to operate normally. By the contrast FIGURE 6. Output responses from the BFSMC method (dashed lines) and ANFTC method (solid lines): δ re is floating and δ la is stuck in −0.1 rad at 10s. of curves, the results support the availability of the ANFTC for tolerating the actuator floating. What's more, the healthy control surfaces would adjust adaptively, and gradually tend to relatively stable states, When the system encounters actuator floating faults.
In the second fault case, the right horizontal stabilizer also maintains floating, but left ailerons is stuck in −0.1rad position at 10s. Figures 6 and 7 show the output tracking curves and control surfaces deflection signals under the second fault case. From the analysis of curves, it explains that the system's stabilities using BFSMC are dissatisfied in the presence of actuator stuck, nevertheless, the controller employing ANFTC can still endure stable states because of the adaptive learning for the information of faults. Through the simulation results, the validity of the proposed ANFTC scheme is fully illustrated.
In addition, in order to illustrate the Remark 2, We choose three different γ 0 parameters to compare the performance of proposed fault-tolerant control system under the first fault case. The control surfaces deflection signals of δ ra and the output tracking curves are provided in Figures 8 and 9 . In the Figure 8 , the output respond curves display that the response rate and overshoot of the system increase with the increase of parameters both in normal and fault cases. From the Figure 9 , When the parameter γ 0 is increased, the frequency of δ ra is accelerated, and the control quantities rise accordingly. These two figures verify the correctness of Remark 2.
V. CONCLUSION
An adaptive closed-loop control allocation based nonlinear FTC scheme has been proposed for an overactuated aircraft with unknown actuator failures. A nonlinear feedback structure integrated with adaptive estimation has been provided to operate control allocation process considering the nonmonotonic and the coupled nonlinearities of actuator mapping functions. The proposed adaptive closed-loop control allocation combined with STSMC can tackle the actuator faults such as floating and stuck-in without FDI. The closedloop stability of the system in the presence of actuator faults has been analyzed. The effectiveness of the proposed approach has been verified through simulation.
